Room-temperature pressure-dependent (0-25 GPa) x-ray absorption spectroscopy at the W L 1,3 -edges of α-SnWO 4 and β-SnWO 4 was performed using a dispersive setup and a high-pressure nanodiamond anvil cell. The detailed analysis of experimental x-ray absorption near-edge structure and extended x-ray absorption fine structure data suggests that upon increasing pressure, a displacement of tungsten atoms by about 0.2 Å toward the center of the WO 6 octahedra occurs in α-SnWO 4 , whereas the coordination of tungsten atoms changes from tetrahedral to distorted octahedral in β-SnWO 4 .
Introduction
Tin tungstate (SnWO 4 ) has two polymorphs: the low-temperature orthorhombic α-phase [1] and the high-temperature cubic β-phase [2] . The reversible phase transition is controlled by a diffusion process that occurs at ∼670°C [1, 2] . Note that high-temperature β-SnWO 4 can be produced at room temperature by rapid cooling, so that both the α and β phases can be studied at the same temperature and pressure.
The crystal structures of the two tungstates differ significantly, although both are composed of metal-oxygen polyhedra. Distorted WO 6 and SnO 6 octahedra are the building blocks of α-SnWO 4 , whereas slightly deformed WO 4 tetrahedral and strongly distorted SnO 6 octahedral units form the β-SnWO 4 structure. The distortion of SnO 6 octahedra is caused by a stereochemically active Sn 5s 2 lone electron pair via the second-order Jahn-Teller (SOJT) effect [3] [4] [5] . The SOJT effect also causes a distortion of WO 6 octahedra due to the partially covalent W-O bonding and W 6+ (5d 0 ) electronic configuration [5, 6] .
Metal-oxygen interactions are responsible for the electronic structure of tin tungstates. The results of first-principles calculations [4, 5] indicate that the valence band of both tungstates is formed by strongly interacting O 2p and Sn 5s states, whereas the conduction band originates from W 5d-O 2p antibonding states with some admixture of Sn 5p states. The band gaps are rather small: indirect 1.7 eV [4] (1.45 eV [5] ) in α-SnWO 4 and direct 2.6-2.7 eV [3, 4, 7] (4.36 eV [5] ) in β-SnWO 4 . Therefore, they can be affected by the application of external pressure. The results of our recent firstprinciples calculations [8] suggest a band gap shrinkage under theoretical pressure of about 16 GPa in α-SnWO 4 , leading to the insulator-to-metal transition, whereas no such effect was found in β-SnWO 4 . Note that the pressure dependence of the electronic structure is accompanied by a change in the metaloxygen polyhedra distortion due to both charge transfer effects and unit-cell volume reduction [8] . As a result, the pressure-induced phase transition from β-SnWO 4 to α-SnWO 4 is expected at room temperature and at a theoretical pressure of about 2 GPa (figure 1).
In this study we used x-ray absorption spectroscopy (XAS) at the W L 1,3 -edges to probe the local environment in α-SnWO 4 and β-SnWO 4 up to a pressure of 25 GPa. XAS is well suited to follow local structure deformations under high pressure due to its local order sensitivity and element selectivity, as well as its ability to perform in situ experiments using diamond anvil cells (DACs) [9, 10] . Our previous XAS study allowed us to follow in detail the distortion of tungstenoxygen polyhedra in a SrWO 4 tungstate up to 30 GPa [11] . However, the use of conventional single-crystal DACs strongly limited the quality of the experimental signal due to spurious contributions from the Bragg reflections. Therefore, in the present study we employed nano-polycrystalline diamond (NPD) anvils, which are free from such artefacts [12, 13] .
Experimental and calculation details
Polycrystalline α-SnWO 4 and β-SnWO 4 were synthesized by the solid-state reaction method [2, 14] . Equimolar amounts of SnO (99.99%) and WO 3 (99.9%) powders were mixed and sealed in a silica ampoule under vacuum. The heating of the ampoule at 600°C for 8 h resulted in α-SnWO 4 , whereas β-SnWO 4 was produced by heating at 800°C followed by rapid quenching down to room temperature.
A room-temperature pressure-dependent (0-25 GPa) XAS studies of α-SnWO 4 and β-SnWO 4 were performed at the W L 1,3 -edges using the dispersive setup of the bending magnet SOLEIL ODE beamline [15] and a membrane-type NPD anvil cell [12, 13] . The pressure in the cell was controlled using ruby luminescence [16] . The x-ray synchrotron radiation was dispersed and focused by a four-point bending cooled single-crystal Si(111) monochromator. A harmonic rejection was achieved by two mirrors installed before and after the monochromator. The x-ray absorption spectrum was detected by a Princeton Instruments PIXIS-400 CCD camera coupled with a scintillator [15] .
The x-ray absorption spectra were analyzed using the EDA software package [17] following conventional procedures [18, 19] . The W L 1,3 -edges x-ray absorption near-edge structures (XANES) and extended x-ray absorption fine structures (EXAFS) from α-SnWO 4 and β-SnWO 4 were extracted and are shown in figures 2 and 3.
, from the first coordination shell was isolated using the Fourier filtering procedure and bestfitted using a model-independent approach [20, 21] , which allows one to reconstruct the true radial distribution function
is the photoelectron wavenumber, m e is the electron mass, ℏ is the Plank's constant, E 0 is the photoelectron energy origin, R is the intera-
is the backscattering amplitude function also including the S 0 2 factor [18, 19] , and k R ( , , ) Φ π is the phase shift function. The backscattering amplitude, F k R ( , , ) π , and phase shift functions, k R ( , , ) Φ π , were calculated for the W-O atom pair by the ab initio realspace multiple-scattering code FEFF8 [22] using the complex exchange-correlation Hedin-Lundqvist potential [23] . The FEFF8 calculations were performed for crystalline α-SnWO 4 [1] , constructing a cluster of 8 Å size around the absorbing tungsten atom. The size of the cluster allowed us to be confident in the accuracy of the calculated cluster potential and to simulate theoretical W L 3 -edge EXAFS spectra, which is required for accurate evaluation of the E 0 values. Calculations of the cluster potentials were done in the muffin-tin (MT) selfconsistent-field approximation using default values of MT radii as provided within the FEFF8 code [22] : R MT (Sn) = 1.58 Å, R MT (W) = 1.23 Å, and R MT (O) = 0.93 Å.
We also used the FEFF8 code [22] to perform simulations (figure 5) of the W L 3 -edge EXAFS spectra (i) for the α-SnWO 4 structure at normal pressure using the lattice parameters from [1] , and (ii) for its expected structure at high pressure, which was simulated by displacing tungsten atoms within the unit cell by ∼0.2 Å toward the center of the WO 6 octahedra along the a-axis direction. Note that this model of a high-pressure α-SnWO 4 structure is consistent with the results of our first-principles calculations [8] .
Results and discussion
The W L 1,3 -edges XANES spectra of α-SnWO 4 and β-SnWO 4 are shown in figures 2 and 3.
The W L 1 -edge XANES consists of the pre-edge region, where a shoulder or a peak is observed at about 12090 eV, and the main edge at about 12105 eV is followed by fine structure. The intensity of x-ray absorption in the pre-edge region is determined by the transition, 2s(W) → 5d(W) +2p (O), which is forbidden in the dipole approximation for regular WO 6 octahedra but becomes partially allowed for distorted WO 6 octahedra, as in α-SnWO 4 , due to an admixture of oxygen 2p-states, and is fully allowed for WO 4 tetrahedra, as in β-SnWO 4 [24, 25] . The main L 1 -edge is due to the dipoleallowed transition, 2s(W) → np(W), and the fine structure above it originates from the scattering processes of the excited photoelectron by neighboring atoms. Note that the excited state of the photoelectron is relaxed due to the presence of the core hole screened by other electrons.
A significant reduction of the pre-edge peak in β-SnWO 4 and a decrease of the shoulder intensity in α-SnWO 4 indicate strong distortion of tungsten-oxygen polyhedra under pressure. From the shape of the W L 1 -edge XANES, one can expect for both phases that at high pressure, P = ∼25 GPa, the tungsten ions are octahedrally coordinated, and a distortion of the WO 6 octahedra is rather weak [25] . The reduction of WO 6 octahedra distortion in α-SnWO 4 and the transition from WO 4 tetrahedral to WO 6 octahedral coordination in β-SnWO 4 occur upon increasing pressure at about 9-10 GPa.
The W L 3 -edge XANES is dominated by the large peak (the so-called 'white line' [26] ) at 10217 eV due to the dipoleallowed transition, 2p 3 2 (W) → 5d(W) [24, 25] . The behavior of the W L 3 -edge XANES is less sensitive to local distortions, but the transformation from WO 4 to WO 6 in β-SnWO 4 is well visible around 10225 eV ( figure 3) .
The pressure effect on the local structure around the tungsten atoms is well observed in the EXAFS spectra at the W L 3 -edge (see the right panels in figures 2 and 3) . The modifications of the EXAFS spectra upon a pressure increase are detectable at all k-values but are more pronounced at large (figure 4). The tetrahedral coordination of tungsten atoms in β-SnWO 4 at low pressure is confirmed with the mean W-O distance equal to about 1.79 Å. Under hydrostatic compression, the WO 4 tetrahedra transfer into distorted WO 6 octahedra with two groups of oxygen atoms, composed of four and two atoms, respectively. Such distortion is typical for the off-center displaced tungsten atoms in the direction of the octahedron edge. At P = 11.2(16.7) GPa, there are four nearest oxygen atoms at 1.85(1.94) Å and two distant oxygen atoms at 2.13(2.14) Å. Upon a further increase of pressure up to 25.6 GPa, the WO 6 octahedra become nearly regular, with the mean W-O distance equal to about 2.02 Å. This distance is present in monoclinic WO 2 [27] , where, however, the formal valence state of the tungsten is 4+. Note also that the nearest group of four oxygen atoms in WO 6 octahedra is more strongly affected by compression.
In α-SnWO 4 the local environment around the tungsten atoms changes less drastically under pressure. At P = 0 GPa the WO 6 octahedra are distorted due to the SOJT effect [3] [4] [5] , and the tungsten atoms are located in off-center positions. The six oxygen atoms are split into two groups consisting of four oxygens at 1.81 Å and two oxygens at 2.14 Å. Under applied pressure, the tungsten atoms displace towards the WO 6 octahedra centers, which leads to a decrease in their distortion. As a result, the mean W-O distance to the group of four nearest oxygen atoms elongates by 0.05-0.07 Å, whereas the two distant oxygen atoms remain at nearly the same distance. At the highest reached pressure of 24.6 GPa, the two groups of oxygens are located at 1.89 Å and 2.11 Å, respectively. This behavior of the α-SnWO 4 structure upon increasing pressure is well consistent with the results of our first-principles calculations [8] , which predict the existence of a pressure-induced insulator-to-metal transition in α-SnWO 4 due to strong interaction of Sn 5s, W 5d, and O 2p states along the b-axis direction upon a symmetrization of both WO 6 and SnO 6 octahedra.
The effect of the tungsten atoms, movement by 0.2 Å towards the octahedra centers on the shape of the W L 3 -edge EXAFS spectrum was simulated and is illustrated in figure 5 . In these calculations no adjustable parameters were employed, so one should not expect ideal agreement between model and experiment. Nevertheless, such simple calculations properly tackle the behavior of the W L 3 -edge EXAFS from α-SnWO 4 under pressure. In particular, the simulations reproduce its main shape and a disappearance of the highfrequency component, which is responsible for features at about 4.8 Å −1 and 6.8 Å −1 that are well observed at P = 0 GPa.
Conclusions
X-ray absorption spectroscopy at the W L 1,3 -edges was successfully applied to an investigation of the pressure effect on the local structure in α-SnWO 4 and β-SnWO 4 . The analysis of the W L 1 -edge XANES allowed us to follow distortions of the tungsten-oxygen polyhedra using the pre-edge peak or shoulder intensity as a fingerprint. It is shown that tungsten atoms in both tin tungstates appear in distorted octahedral coordination at a high pressure of about 25 GPa. While the W L 3 -edge XANES is less sensitive to the coordination change, the detailed analysis of the first shell contribution to the W L 3 -edge EXAFS spectra using the model-independent approach [20, 21] allowed us to reconstruct the behavior of tungsten coordination polyhedra under pressure. As a result, upon increasing the pressure up to 25 GPa, a displacement of tungsten atoms by about 0.2 Å towards the center of the WO 6 octahedra occurs in α-SnWO 4 , whereas the coordination of tungsten atoms changes from tetrahedral to distorted octahedral in β-SnWO 4 . The pressure-induced displacement of tungsten atoms in α-SnWO 4 is confirmed by additional simulations of full W L 3 -edge EXAFS spectra.
